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Abstract

A method for a homogenization of Pb(Zr,Ti)O3(PZT) was developed. Powders of PbO and TiO2 were added into a powder of
PZT prepared by the ordinary method. This mixture was heated above the melting point of PbO for several periods of time. PbO

and TiO2 formed a molten phase. After the heat treatment, it was quenched. PbO phase in the sample was removed by dissolving
with acetic acid. The chemical homogeneity of the PZT phase was ®gured out using � cos � vs. sin � plots. This analysis showed that
the chemical homogeneity in the PZT phase was improved very quickly. # 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Pb(ZrxTi1-x)O3 (PZT) is a solid solution1 between
PbTiO3 and PbZrO3 and has excellent piezoelectric
properties.2 Generally it is prepared through a reaction
among oxides of constituent cations.3 We have repor-
ted4±6 that PZT prepared by such a method has inho-
mogeneity of composition (compositional ¯uctuation).
The compositional ¯uctuation a�ects many electrical
properties.7±9 It also causes incorrect interpretations of
measured values.6,10

Many e�orts have been made to obtain homogeneous
solid solutions.11±14 All those e�orts were focussed on
the homogeneity of the raw materials. In this study a
new method to enhance the homogenization process
through the di�usion during the ®ring was developed.
In order to enhance the di�usion, a molten phase whose
principal component is PbO was used.

2. Experimental procedure

Powders of PbO, ZrO2 and TiO2 were mixed thor-
oughly with agate mortar and pestle. The mixture was
pressed into disks (about 12 mm in diameter and 2 mm
in thickness) and ®red at 1100�C for 2 h in a closed
magnesia double crucible15 with an equimolar mixture

of PbO and ZrO2 which provides PbO vapor atmo-
sphere.16 PZT was formed by this ®ring. This is the
ordinary method to prepare PZT. The composition of
the PZT was Pb(Zr0.3Ti0.7)O3. Pb(Zr0.3Ti0.7)O3 such
prepared is abbreviated as PZT-30. PZT-30 was ground
and mixed with PbO and TiO2. The ratio of PbO:TiO2

was set to the composition of the molten phase which
can coexist with PZT-30 at 1100�C at the equilibrium.17

The mole ratio of PbO to PZT-30 was 2:1. The compo-
sition of the molten phase was calculated from the
phase equilibrium. The mole ratio of PbO:TiO2:ZrO2

was 0.649:0.349:0.002. ZrO2 was not added into the
mixture because the amount can be neglected. This
mixture was ®red in a sealed platinum crucible at 1100�

for 15, 30, 60 and 120 min. At the ®ring temperature,
PbO and TiO2 formed a molten phase. After the ®ring,
it was quenched. PbO phase in the sample was removed
by dissolving with acetic acid. Samples so treated are
tentatively named PZT-30[tr15 min], PZT-30[tr30 min],
PZT-30[tr60 min] and PZT-30[tr120 min] depending on
the treating period of time in the molten phase.
For the measurements of powder XRD (MXP18VA/

HF, MAC Science Inc.), a Cu target was used with a
monochromator. As an optical system for the qualita-
tive measurements, a divergence slit of 1�, a scattering
slit of 1�, and a receiving slit of 0.15 mm were used. The
net peak width (�) caused from the sample was ®gured
out using MXP System Standard Software (MAC
Science Inc.). Widths at half-maximum intensity for Si
were used as a standard.
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3. Results and discussion

Fig. 1 is a phase diagram of PbTiO3±PbZrO3±PbO
system17 at 1100�C. In this system PZT having compo-
sition S0 can coexist with a molten phase of the point L.
Generally, PZT has a compositional ¯uctuation, i.e. a
mixture of compositions around the average composi-
tion. Now we consider a situation that a powder of
PZT, which consists of compositions ranging from S1 to
S2, is heated with a molten phase L. Particles in the PZT
sample having composition S1 cannot coexist with the
molten phase L in equilibrium. TiO2 component in such
particles will be dissolved into the molten phase and its
composition will be shifted towards S0. On the other
hand, for particles having composition S2, TiO2 com-
ponent in the molten phase will be precipitated into
PZT phase, the composition of the particles being shif-
ted towards S0. Every particle has such a tendency.
The situation of PZT particles dispersed in the molten

phase (L) is shown in Fig. 2 schematically. For particles
whose concentration of TiO2 is higher than that in
equilibrium, TiO2 component dissolves into the molten
phase. For particles whose concentration of TiO2 is
lower than that in equilibrium, TiO2 component moves
from molten phase into the particles. The overall
migration of TiO2 component is from particles having
high TiO2 concentration into those having low TiO2

concentration. This will cause a homogenization of the
PZT sample. The most part of the migration path is in
the molten phase (liquid phase). In general, the migra-
tion rate in liquid phases is much higher than that in
solid phases.
In the solid state reaction, the entire part of the

migration path is in the solid phase. It has been shown
that the homogenization rate for the solid state reaction
is slow.18,19 This is caused from the low di�usion rate in
the solid phase. This di�culty may be improved by the

treatment of the PZT powder in the molten phase,
because the most part of the migration path during the
treatment is in the molten phase.
XRD pattern of the sample treated with the molten

phase at 1100�C for 2 h (PZT-30[tr120 min]) is shown in
Fig. 3. It consists of two di�erent perovskite phases.
One is the original PZT phase. The composition of the
other phase was estimated from its lattice constants. It
was almost PbTiO3. This was formed from the molten
phase. While molten PbO (at 1100�C) can dissolve TiO2,
solid PbO (at room temperature) cannot dissolve TiO2.
When the molten phase is cooled, TiO2 component in
the molten phase segregates, reacts with PbO and forms
PbTiO3. From the phase diagram, the composition of
the perovskite phase formed from the liquid phase is
calculated to be Pb(Zr0.008Ti0.992)O3, which can be
regarded as PbTiO3. In this study, we pay attention to
the original PZT phase. The separation of the second
phase is a future subject. It is worthwhile to obtain PZT
phase that has almost no compositional ¯uctuation,
even if it exists with other phases, because such PZT
phase provides much information of homogeneous
phase.10

Fig. 1. Phase diagram of PbO±PbTiO3±PbZrO3 system at 1100�C.

Fig. 2. Process for the elimination of the compositional ¯uctuation.

Fig. 3. X-ray di�raction pattern for PZT after the treatment (PZT-

30[tr120 min]).
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The compositional ¯uctuation in PZT can be eval-
uated using plots of � cos � vs. sin �. It has been
demonstrated that the slope of those plots can be used
as a parameter of the degree of the compositional ¯uc-
tuation.4 The slope of the plots for a sample having no
compositional ¯uctuation is zero, and the slope increa-
ses as the compositional ¯uctuation increases. Plots of
� cos � vs. sin � for PZT-30 is shown in Fig. 4 (*). The
slope of these plots implies that this sample has a large
compositional ¯uctuation.
Plots of � cos � vs. sin � for PZT-30[tr15 min], PZT-

30[tr30 min] and PZT-30[tr60 min] are shown in Fig. 4
(&, ^, ~). The slope of the plots decreased as the
treating period increased. The samples treated with the
molten phase have small or no gradient, which means
this treatment is e�ective for the elimination of the
compositional ¯uctuation.
For the comparison, PZT-30 was heated for 60 min

without the molten phase. The plots of � cos � vs. sin �
for this sample were also plotted and shown in Fig. 4
(&). This rate of the homogenization is slow and typical
as shown before.4

The ¯uctuation width of composition can be calcu-
lated from the slope of these plots.4 Fig. 5 shows the
compositional ¯uctuation width as a function of heat
treating period. For the samples heated with molten
phase, the compositional ¯uctuation width was decreased
quickly. The compositional ¯uctuation width for the
sample heated without liquid phase was also plotted in
this ®gure (&). According to the previous study, the
compositional ¯uctuation remained even for a sample
heated for 16 h. Considering these results, it is obvious
that the treatment in the molten phase is very e�ective for
the homogenization of the PZT solid solutions.

4. Conclusions

A method for the homogenization of PZT was devel-
oped. PZT was heated at 1100�C with molten phase of
PbO+TiO2. The homogenization rate by this treatment
was much faster than the normal heat treatment.

References

1. Sawaguchi, E., Ferroelectricity versus antiferroelectricity in the

solid solutions of PbZrO3. J. Phys. Soc. Jpn, 1953, 8, 615±629.

2. Ja�e, B., Roth, R. S. and Marzullo, S., Piezoelectric properties of

lead zirconate±lead titanate solid-solution ceramics. J. Appl.

Phys., 1954, 25, 809±810.

3. Hiremath, B. V., Kingon,A. I. andBiggers, J. V., Reaction sequence

in the formation of lead zirconate±lead titanate solid solution: role

of raw materials. J. Am. Ceram. Soc., 1988, 66, 790±793.

4. Kakegawa, K., Watanabe, K., Mohri, J., Yamamura, H. and

Shirasaki, S., Fluctuation of composition of Pb(ZrxTi1-x)O3 J.

Chem. Soc. Jpn., 1975, 413±416.

5. Kakegawa, K., Mohri, J., Takahashi, K., Yamamura, H. and

Shirasaki, S., Compostional ¯uctuation of Pb(ZrxTi1-x)O3 near

tetragonal-rhombohedral phase-boundary. J. Chem. Soc. Jpn.,

1976, 717±721.

6. Kakegawa, K., Mohri, J., Takahashi, T., Yamamura, H. and

Shirasaki, S., A compositional ¯uctuation and properties of

Pb(Zr,Ti)O3. Solid State Commun., 1977, 24, 769±772.

7. Kakegawa, K. and Mohri, J., Synthesis of Nb-doped barium

titanate semiconductor by a wet±dry combination technique. J.

Mater. Sci. Lett., 1985, 4, 1266±1269.

8. Kakegawa, K., Arai, K., Sasaki, Y. and Tomizawa, T., Homo-

geneity and properties of lead zirconate titanate prepared by a

combination of thermal spray decomposition method with solid-

phase reaction. J. Am. Ceram. Soc., 1988, 71, C49±C52.

9. Abe, Y., Kakegawa, K. and Sasaki, Y., Compositional ¯uctua-

tions in the solid solution of PbZrO3-PbTiO3-Pb(Mg1/2W1/2)O3

system and their in¯uence on dielectric property. J. Chem. Soc.

Jpn, 361±368.

10. Kakegawa, K., Mohri, J., Shirasaki, S. and Takahashi, K., Slug-

gisth transition between tetragonal and rhombohedral phases of

Pb(Zr,Ti)O3 prepared by application of electric ®eld. J. Am.

Ceram. Soc., 1982, 65, 515±519.

11. MacNamara, V. M., A wet chemical method for the preparation

of oxide mixtures applicable to electronic ceramics. J. Canadian

Ceram Soc., 1965, 34, 103±120.

12. Lal, R., Shaarma, S. C. and Ramachandran, P., Dielectric beha-

viour of homogeneous PZT ceramics prepared from spray dried

powders. Mat. Res. Bull., 1990, 25, 945±953.

Fig. 4. Plots of � cos � vs. sin � for PZT *: PZT-30; &: PZT-30[tr15

min]; ^: PZT-30[tr30 min]; ~: PZT-30[tr60 min]; &: after the heat

treatment at 1100�C for 1 h without the molten phase.

Fig. 5. Compositional ¯uctuation width of PZT as a function of

heating time. *: PZT after the heat treatment at 1100�C with the

molten phase &: PZT after the heat treatment at 1100�C without the

molten phase.

K. Kakegawa et al. / Journal of the European Ceramic Society 20 (2000) 1599±1602 1601



13. Abe, Y., Kakegawa, K. and Sasaki, Y., Synthesis of solid solu-

tions of the Pb(Mg1/3Ta2/3)O3 system having no compositional

¯uctuation. J. Meter. Sci. Lett., 1993, 12, 486±488.

14. Kakegawa, K., Wakabayashi, T. and Sasaki, Y., Synthesis of a

solid solution of PbTiO3-PbZrO3-Pb(Mg1/3Nb2/3)O3 system

through use of 8-quinolinol and its properties. J. Mater. Sci.,

1992, 27, 1291±1296.

15. Kakegawa, K., Makigaki, K. and Sasaki, Y., Determination of the

compostional ¯uctuation region in the solid solution of

Pb{(ZrxTi1-x)1-y(Mg1/3Nb2/3)y}O3. J. Ceram. Soc. Jpn, 1988, 96,

681±686.

16. Okazaki, K., On the high permittivity ceramics containing PbO,

the evaporation of PbO at high temperatures. J. Ceram. Soc. Jpn,

1958, 66, 260±266.

17. Fushimi, S. and Ikeda, T., Phase equilibrium in the system PbO-

TiO2-ZrO2. J. Am. Ceram. Soc., 1967, 50, 129±132.

18. Kakegawa, K. and Mohri, J., Synthesis of (Ba,Pb) (Zr,Ti)O3

solid solution having no compositional ¯uctuations. J. Am.

Ceram. Soc., 1985, 68, C204±C205.

19. Kakegawa, K. and Sasaki, Y., A compositional ¯uctuations in

the solid solution of PbTiO3-PbZrO3-Pb(Mg1/3Nb2/3)O3 system.

J. Ceram. Soc. Jpn, 1986, 94, 977±980.

1602 K. Kakegawa et al. / Journal of the European Ceramic Society 20 (2000) 1599±1602


